The gut and lung microbiota are essential to health and vital for the development of the immune system and homeostasis. The vital cross-talk between mucosal tissues of our body in chronic respiratory conditions as asthma, chronic obstructive pulmonary disease and cystic fibrosis in stable conditions as well as during exacerbations is still poorly studied and understood. The gut-lung interaction and the dysbiosis of microbiota and leaky guts in the aetiology of these chronic respiratory diseases are reviewed. 
INtrODUctION
The gut and respiratory tract epithelia have common anatomical similarities. Both are derived from the endoderm and consist of columnar epithelial cells with projection of microvilli or cilia that function as a physical barrier and as sentinels for the immune system in conjunction with associated lymphoid tissue. Otherwise, both epithelia have substantial differences. The intestinal lumen is an oxygen-poor environment and the movement of matter is unidirectional, from the mouth to the anus. The respiratory tract and alveoli are oxygen-rich and movement is bidirectional with no physical barrier between the larynx and the most distal alveolus. These different environments result in distinct microbial life in each organ 1 .
The intestinal tract represents not only a crucial component of the body's defence system against the external environment, but is also responsible for the breakdown and absorption of essential nutrients and the uptake of water and electrolytes. The barrier function of the intestinal tissue contributes to the first line of defence in the human body and is composed of a static epithelial and a dynamic luminal and subepithelial layer. Intestinal epithelial stem cells, residing at the base of crypt-villus axes, mature to various subtypes of intestinal epithelial cells. Besides absorptive enterocytes and mucus-secreting goblet cells, Paneth cells are specialised in maintaining the bacterial gradient along the crypt-villus axis by secretion of antimicrobial products. In addition, entero-endocrine cells connect the central nervous system with the neuro-endocrine system by secretion of hormones regulating digestive functions. This static epithelial barrier is composed by intestinal epithelial cells that interact with each other via a complex multilayer system. Tight junctions form a selectively permeable seal between adjacent epithelial cells. The dynamic part of the intestinal barrier is composed of the luminal microbiota and mucus as well as epithelial and immune cell products secreted into the lumen. The intestinal epithelium is furthermore covered by a thick mucus layer with large mucin glycoproteins as the major component, secreted by the goblet cells. Underneath the epithelial layer in the lamina propria, scattered intestinal immune cells and tissue specific organised lymphoid structures, such as the Peyer's patches are located. The immune response of the gut depends to a great extent on innate immune cells such as dendritic cells (DCs), monocytes/macrophages and the heterogeneous group of innate lymphoid cells in the intestine (Fig. 1 ).
There is growing clinical interest in secondary organ manifestations of chronic respiratory diseases and respiratory viral infections are often accompanied by intestinal symptoms [2] [3] [4] [5] [6] . Gastro-intestinal (GI) disease is more prevalent in patients with chronic obstructive pulmonary disease (COPD) than in healthy populations 7, 8 . A population-based cohort showed a 2.72 times higher risk of Crohn's disease in COPD sufferers than that in healthy controls 9 . Vice versa is also reported: up to 50% of adults with inflammatory bowel disorders and one third of patients with irritable bowel syndrome have pulmonary involvement, such as inflammation or impaired lung function 10, 11 .
An emerging area of interest is this relationship between the GI and respiratory tract, the influence of host-associated microbiota on local and systemic immunity as well as the pathogenetic links between microbiota and this gutlung axis.
MIcrObIOtA OF tHE HEALtHY GUt AND LUNGs
Mammalian body surfaces exposed to the environment are covered by diverse microbiota. Their compositions depend on a multitude of different factors and include host genetics, environment and host immunity. Furthermore, the specific functional characteristics of the different body surfaces determine the number and the composition of their cognate microbiota 12 .
The characterisation of the microbiome is an important initial step in understanding the role of the microbiome to health and disease. Each healthy adult typically harbours more than 1000 species of bacteria belonging to a relatively few known bacterial phyla with Bacteroidetes and Firmicutes being the dominant lineages (phyla) of the domain Bacteria 13 .
The GI tract is the best studied host-associated microbial ecosystem. The human intestine harbours nearly 100 trillion micro-organisms composed of more than 1000 distinct bacterial species 14 and is by far the most densely colonised surface of the human body. Weighing approximately 1.5 kg, microbial residents in the GI tract outnumber human cells about 10-fold and genome size 100-fold 15 . Variations along the GI tract are governed by the prevailing environment, including pH, the concentration of bile acids, retention time of digesta, mucin properties and host defence factors 16 . Therefore, there is considerable variation in the constituents of the gut microbiota among apparently healthy individuals 17 . Four bacterial phyla dominate the GI tract: the most abundant phylum is Bacteroidetes, followed by Firmicutes. Proteobacteria and Actinobacteria are the other two dominant phyla 18, 19 . Different factors modulate the variation of the gut microbiome in humans as illustrated in figure 2 . While gut microbiota compositions on species level differ between individuals, a core microbiome exists, which fulfils essential metabolic functions 20 . Briefly, fermentation of certain non-digestible dietary compounds and endogenous mucus, absorption of ions, as well as production of vitamins belong to the key functions of intestinal microbiota 21 . Bacterial numbers increase successively between upper and lower intestinal tract and fermentation processes are most intense in cecum and proximal colon 12 .
The lungs have a large surface area of > 130 m 2 consisting of around 100,000 small airways and 200 million alveoli. The large surface responsible for oxygen uptake is concomitantly exposed to numerous micro-organisms such as viruses, bacteria or fungi, particles, allergens, pollutants and tobacco smoke. The lungs are therefore equipped with effective antimicrobial defences. Healthy lungs were long considered to be sterile but culture-independent approaches have detected microbial DNA in the lungs of healthy individuals 22, 23 . With an estimated number of 10-100 bacteria per 1000 human cells, the lower respiratory tract is one of the least-populated surfaces of the human body 24 . The composition of the lung microbiome is determined by the balance of three factors: (1) microbial immigration into the airways; (2) elimination of microbes from the airways; and (3) the relative reproduction rates of its community members, as determined by regional growth conditions. Sources of microbial immigration include the inhalation of air, subclinical microaspiration of upper respiratory contents and direct dispersal along the airway mucosa. Microbial elimination is driven by mucociliary clearance, cough and adaptive and innate immune defences 25 . Temperature, oxygen tension, pH, nutrient density, local anatomy, and host defence are spatially heterogeneous across the airways and the lungs affecting local microbiological growth conditions 15 (Fig. 3) .
Similar to the intestine, Firmicutes and Bacteroidetes are the two predominant phyla detected in the airways and core microbiota of healthy individuals consists of Pseudomonas, Streptococcus, Prevotella, Fusobacteria, Veillonella, Haemophilus, Neisseria and Porphyromonas [26] [27] [28] [29] . The lung microbiota is probably not resident in healthy individuals but rather transiently recolonised by micro-aspiration from the oral cavity: the ubiquity of subclinical micro-aspiration of pharyngeal secretions among healthy subjects is a long-established and validated observation 30 .
tHE GUt-LUNG AXIs
Gut microbiota are considered crucial for the proper development, maturation and reactivity of the immune system. Secreted and structural components of micro-organisms can influence These T and B cells can migrate via the thoracic duct and into the circulation. In this way, these sensitised T and B cells are distributed to various effector sites, including the respiratory tract to prevent attachment of pathogens to the mucosa by excretion of specific IgA resulting in a common mucosal immune defence system. The gut-associated lymphoid tissue (GALT) plays an important role in this mucosal immune system 32 . Nasopharynx-associated lymphoid tissue (NALT) exposed to both airborne and alimentary antigens has also a major role in antibody immunity of the respiratory tract.
Bacterial products that have a significant effect on overall host status surely included the short-chain fatty acids (SCFAs). These SCFAs are produced by metabolisation of resistant starches and dietary fibres through fermentation and decomposition. Fatty acids with a carbon number between 2 and 6 are considered SCFAs and have the following names: C2: acetic; C3: proprionic; C4: butyric; C5: valeric and C6: caproic acid 33 . These SCFAs account for 2-10% of the total energy consumption in humans and are the main energy source for large intestinal epithelial cells 33 . The concentration of SCFAs ranges between 70-140 mmol/L in the proximal colon and between 20-70 mmol/L in the distal colon 34 . Acetate is thought to be more prevalent, followed by proprionate and butyrate. Nearly all SCFAs absorbed by the colon are thought to pass through the portal vein from the colon capillaries to reach the li ver 33 . The concentrations of SFCAs in healthy human peripheral blood are estimated as 100-150 µmol/L for acetate, 4-5 µmol/L for proprionate and 1-3 μmol/L for butyrate 35 .
The interplay between SFCAs and immune function is extensively studied 1, 15, 33, 36, 37 . Several G-protein coupled receptors (Gpr) for SCFAs have been reported: Gpr41/free fatty receptor (FFAR) 3, Gpr43/FFAR2, Gpr109A/ hydroxycarboxylic acid receptor (HCA) 2 and olfactory receptor (OR/Olfr) Olfr78 (mouse)/ OR51E2 (humans) (Fig. 5 ). Gpr41/FFAR3 is found in a wide range of tissues including neutrophils while Gpr43/FFAR2 is highly expressed on immune cells 38 . Gpr109A/HCA2 is a receptor to butyrate as well as β-hydroxybutyric acid, a ketone body and participates in regulation of T reg homeostasis 33 . Butyrate manifests broad anti-inflammatory activities such as immune cell activation, proliferation, migration, adhesion and cytokine expression 39 . Short-chain fatty acids play an important role in T cell polarisation and induction 40 .
Short-chain fatty acids are widely known as histone deacetylase (HDAC) inhibitors and they may be involved in the expression of cytokines in T cells and the induction of T reg cells via inhibition of HDAC 41 . Short-chain fatty acids also affect immunoregulation in neutrophils, monocytes and macrophages and suppression of nuclear factor-kappa B activity and inhibition of HDAC are possible underlying mechanisms but SFCAs have also promoting functions in neutrophils 33 . Intriguingly is the possible central role of SCFAs in the diet-gut microbiome-host metabolism axis and the protection of the body against deteriorating metabolic control and inflammatory status associated with western lifestyles 42 . Although not properly assessed, it can be hypothesised that bacterial products of the lung microbiota can exert their effects on the intestinal mucosa.
MIcrObIAL GUt DYsbIOsIs IN cHrONIc AIrWAY DIsEAsEs
Shifts in the composition of the intestinal microbiota have been reported in the context of chronic airway diseases as asthma, cystic fibrosis (CF) and COPD. The term dysbiosis refers to a state in which changes in the diversity and abundance of gut microbiota, their metabolic activities and local distribution produces harmful effects.
a. Asthma
Increased risk of asthma has been associated with reduced microbial diversity in the gut during early infancy 37, 43 . Other allergic conditions as rhino-conjunctivitis, eczema or positive skin test reactivity were not associated with this gut diversity neither was asthma associated with microbiota composition later in life 43 . Others reported that reduced bacterial diversity of the infant's intestinal flora was associated with increased risk of allergic sensitisation, allergic rhinitis and peripheral blood eosinophilia but not asthma or atopic dermatitis in the first six years of life 44 . In infants, the composition of the gut microbiota and caesarean section have been linked to atopic manifestations and colonisation with Clostridium difficile at one month of age was associated with wheeze and eczema throughout early life and with asthma after 6-7 years 45 . Increased risk of asthma has also been associated with an increase in Bacteroides fragilis and total anaerobes in early life, decreases in Escheria Coli and relative abundances of Faecalibacterium spp, Lachnospira spp., Rothia spp. and Veillonella spp. [46] [47] [48] .
In the latter study, this reduction in bacterial taxa was accompanied by reduced levels of faecal acetate and dysregulation of enterohepatic metabolites. Although these studies emphasise the potential for microbe-based diagnostics and therapies, potentially in the form of probiotics, to prevent the development of asthma and other related allergic diseases in children, only inoculation of germ-free mice with the bacterial taxa reported by Arrieta et al. 48 ameliorated airway inflammation in these animals. Recurrent antibiotic treatment during early infancy also impacts on the diversity of the microbiota early in life and has been shown to correlate with the development of an asthmatic phenotype later in life 49, 50 .
Positive associations between the presence of beneficial bacteria, such as Bifidobacterium longum in the gut and a lower incidence of asthma have also been identified 51 .
Furthermore, in mice it was illustrated that intestinal exposure to the capsular glycoantigen polysaccharide A(PSA), from Bacteroides Fragilis is a potent immunomodulator molecule, able to inhibit asthma induction in a T-cell dependent fashion and that this protection is IL-10 dependent 52 . It has also been reported that Helicobacter pylori alleviates murine allergic airway disease through activation of T reg cells or by promoting tolerogenic reprogramming of DCs 53, 54 . In adults, the overall composition of the faecal microbiota in individuals with allergic asthma does not differ from healthy individuals 55, 56 .
The development of asthma can be influenced by SCFAs. An association between asthma risk and decrease in concentration of acetate in faeces in infants has been reported 48 . In mice, a high-fibre diet resulted in increased circulating levels of SCFAs and protection against allergic inflammation in the lung, whereas a low-fibre diet decreased levels of SCFAs and increased allergic airway disease. Treatment of mice with SCFAs proprionate led to alterations in bone marrow haematopoiesis that were characterised by enhanced generation of macrophage and DC precursors and subsequent seeding of the lungs by DCs with high phagocytic capacity but an impaired ability to promote T helper type 2 (TH2) cell effector function and these effects were dependent on GPR41/FFAR3 but not GPR42/FFAR 2 57 .
Short-chain fatty acids receptors are considered as a highly "druggable" target. In the future, such receptor-targeted approaches may offer complementary therapies in the inflammatory management of asthma 1 . Longitudinal and intervention studies need to unravel whether these changes in gut and respiratory microbiota are a cause or consequence in asthma. 61 .
A recent study identified the role of the CF mutation on the CF microbiota and demonstrated that those who were homozygous-F508del had more altered faecal microbiota compared to the other CF genotypes 62 . Studies on gut microbiota in stable adults with CF demonstrate significant altered microbiota, including reduced microbial diversity, an increase in Firmicutes and reduction of Bacteroidetes compared to the non-CF control population. Furthermore, CF patients presenting with severe lung dysfunction had significantly reduced gut microbiota diversity relative to those presenting with mild or moderate dysfunction and a significant negative correlation was observed between the number of intravenous antibiotic courses and gut microbiota diversity 63 .
The influence of gut microbes on respiratory immunity is further illustrated by the effects of ingested probiotics and prebiotics on respiratory infections and diseases. Probiotics have been shown to reduce the incidence of CF pulmonary exacerbations 64, 65 . Previous studies already indicate that probiotic administration in CF also reduces the intestinal inflammation in these patients 66 .
These data illustrate the need to determine opportunities to minimise the disruption to the CF gut microbiota that occurs due to the disease and its management to influence lung disease outcomes.
c. chronic obstructive pulmonary disease
Changes in gut microbiota as well as the interplay between gut and lung microbiota is poorly studied in patients with COPD. One study analysed respiratory tract microbiome in healthy smoking and non-smoking subjects 21 . The authors reported that lung bacterial communities resemble those in the oral cavity but also that the mouth microbiome differed between smokers and non-smokers in species such as Prophyromonas, Neisseria and Gemella. Porphyromonas, linked to periodontal disease, is generally increased in smokers who show a decreased inflammatory response to this organism 67 . At least, the data of this study suggest that smoking disrupts the normal community structure in the mouth. The possible link between these changes in mouth community and onset of disease development needs further research.
Smoking also disrupts the gut microbiota. Smokers have increased levels of Bacteroides-Prevorella than non-smokers: similar patterns are reported in patients with Crohn's disease 68 . The opposite seems also be true: smoking cessation substantially alters the intestinal microbiota: key representatives from the phyla of Firmicutes and Actinobacteria increase while Bacteriodetes and Proteobacteria decrease after a controlled stop smoking program 69 . The authors suggest a potential mechanistic association between these microbial shifts and alterations in body weight after smoking cessation. The causes of these smoking-associated changes in the composition of the gut microbiota were recently reviewed and are probably a combination of environmental, host and microbial changes 1 .
Intriguing is the role of Helicobacter pylori. While this pathogen has long been linked with decreased incidence of asthma and allergy, s2 meta-analyses suggested that infection with H. pylori is positively associated with an increased incidence of COPD and other chronic bronchial diseases 70 , and that systemic immune responses triggered by H. pylori have different roles in the aetiology of different lung disorders 1 . Longitudinal and intervention studies will be needed to unravel whether these changes in gut and respiratory microbiota are a cause or consequence of COPD.
d. Exacerbations of chronic obstructive pulmonary disease
He et al. 36 recently analysed the key conceptual features of exacerbations of chronic gut and lung diseases. They are both associated with profound bacterial dysbiosis and dysregulation, inducing host inflammatory responses: both exacerbation conditions include a disruption of the homeostatic balance between the resident organ microbiota and host immune mechanisms. Neither of the conditions have hallmarks of an acute infection, in which the pathogenetic bacterial species overtake a tissue site and contribute to tissue injury. In cases where antibiotics are beneficial, it is believed to be via manipulation of the bacterial community composition or indirect immunomodulatory effects of the antibiotics.
Publications on the role of oral non-typeable Haemophilus influenzae (NTHi) immunisation with non-typeable Haemophilus influenzae have challenged the role of gut immunity in the pathophysiology of exacerbations of COPD 71 . Oral immunisation with inactivated NTHi in subjects with moderate-to-severe COPD had significant reductions in both positive sputum cultures and frequency of acute episodes without changes in specific IgA in secretions 71 . These observations contribute to the hypothesis that acute exacerbations occur as an uncontrolled and inappropriate inflammatory response to bacteria colonising damaged airways due to an ineffective Peyer's patch-derived T lymphocyte response and emphasise the critical role of the common mucosal system 72 (Fig. 6 ).
It is of note that aspiration of the bronchus content may deliver up to 10 11 bacteria per day in the gut and a prospective study in smokers over a winter period showed a significant seasonal increase in antigen-reactive T-cells, consistent with the idea that swallowed sputum leads to antigen presentation to the GALT as a physiological mechanism of antigen handling 73, 74 . Intriguing in this context is the imbalance of Th17 and T reg cells and their respective cytokines in COPD patients in different stages, as observed in various autoimmune disorders. These cells are normally in a state of balance; if this balance is shifted toward Th17 cells, inflammatory processes are triggered throughout the body 75 . It has been demonstrated that the proportion of Th17 cells in peripheral blood and secreted Il-17 and TGF-β 1 levels in sputum are significantly higher in acute exacerbations of COPD than in stable COPD patients and controls, indicating that acute exacerbations of COPD are associated with a shifting toward a pro-inflammatory response with imbalance between Th17/T reg cells 76 . These Th17 CD4+ lymphocytes produce IL-17A that promotes the activation of bronchial fibroblasts, epithelial cells and smooth muscle cells, and induces them to produce pro-inflammatory cytokines responsible for the recruitment of neutrophils and their local infiltration, aggravating COPD symptomatology 77 .
Immunotherapy with inactivated NTHi is assumed to augment this physiological loop based on aspiration content into the gut by stimulation of T-cells in the Peyer's patches of the GI tract to improve airway immune function 72 . Although this concept is very challenging, a systematic review concludes that the H. influenzae vaccine taken orally in patients with chronic bronchitis and COPD does not have a significant reduction in the number and severity of acute exacerbations 78 . It would be useful to assess further both the longitudinal outcomes after one and two years following vaccination using careful standardised measurement protocols in COPD patients as well as the assessment of effects of vaccination in high-risk populations not yet diagnosed with COPD as a means of establishing the prophylactic capabilities of such vaccination 78 .
tHE LEAKY GUt sYNDrOME IN cHrONIc rEsPIrAtOrY DIsEAsEs
The GI barrier function is crucial in maintaining homeostasis of the body and selective permeability of the intestinal barrier is essential for oral tolerance development. Appropriate immune response and overall health require a concerted interaction of the GI barrier, the host physiology and the GI luminal content. A number of intestinal and extra-intestinal diseases are described as being associated with a changed intestinal barrier function and increased permeability. The "leaky gut syndrome" is a phenomenon of increased intestinal permeability due to disruption of tight junctions.
On the basis of the concept that asthma is a T lymphocyte-mediated inflammatory disease involving the whole mucosal immune system, different studies reported an increased intestinal permeability in asthmatic children and adults 79 . A dysfunctional barrier of the entire GI tract has an essential contribution to food allergic reactions 80 .
Studies in CF patients showed evidence for a CF enteropathy, manifested by enterocyte damage and intestinal inflammation 81, 82 . Furthermore, evidence is provided for an inverse correlation between this enteropathy and lung function impairment and priming of the small intestine to absorb microbial products potentially triggering hepatic inflammatory signalling and fibrogenesis pathways 82 . In COPD patients, it has been demonstrated that an altered intestinal permeability under resting conditions is intensified during daily life activities. These data suggest that COPD patients are unable to cope with the metabolic demand of daily life activities, probably related to intestinal ischaemia and associated enterocyte damage 83 . Intestinal compromise could be a contributing factor in systemic inflammatory changes in COPD. Increased small intestinal permeability has also been reported in COPD patients hospitalised for an acute exacerbation 84 .
Further studies will be needed to unravel these enteropathic changes in the different disease conditions but they also indicate that the gut can become an interesting future target for therapeutic interventions in chronic respiratory conditions. Intestinal epithelial cell turnover and gut barrier functions must be considered as dynamic processes, affected by nutritional status, route of feeding as well as the adequacy of specific nutrients in the diet.
cONcLUsIONs AND PErsPEctIVEs
The gut and lung microbiota are essential to health and bacterial components and metabolites in the gut, and lungs have the capacity to modulate systemic and local immunity. Understanding the mechanisms that mediate the gut-lung cross-talk and the role of the gut and lung microbiota in mediating, maintaining and regulating this cross-talk will shed new perspectives in understanding chronic respiratory conditions and will potentially lead to identification of new and effective avenues for treatment. Future studies are needed to better discern causative effects and longitudinal studies must identify the role of these lung-gut interactions not only on the development of chronic respiratory conditions but also on their role in established chronic lung diseases. Future mechanistic microbiome studies should be directed towards understanding interactions between the host and microbes, using metagenomics, metabolomics and meta-transcriptomics to identify differentially expressed microbial genes in the patient's journey. Future studies will be needed to understand underlying mechanisms of the leaky gut syndrome in different chronic respiratory conditions. Gut dysfunction as well as gut-lung cross talks can become part of integrated management strategies in patients with chronic respiratory diseases.
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